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ABSTRACT25
26
The aim of the present work was to determine if a practical plant protein-based diet containing 27
vegetable oils (VO) as the major lipid source could alter the disease course when challenged with 28
the myxosporean Enteromyxum leei, a wide-spread parasite in the Mediterranean basin causing 29
heavy economic losses. Gilthead sea bream (Sparus aurata) fed for 9 months either a fish oil (FO)30
diet or a blend of VOs at 66 % of replacement (66VO diet) were challenged by exposure to parasite-31
contaminated water effluent. All fish were periodically and non-lethally sampled to obtain 32
biometrical data and to know their infection status. After 102 days of exposure, fish were 33
euthanized and haematological, biometrical, histological, immunological, glutathione and anti-34
oxidant data were obtained from tissue, blood and serum samples. Anorexia appeared in both 35
exposed groups, but feed intake reduction was higher in 66VO fish. The signs of disease (lower 36
growth, condition factor, specific growth rate, haematocrit) as well as the disease course were worse37
in fish from 66VO group, with a higher prevalence and intensity of infection, a higher percentage of 38
fish harbouring the parasite in the entire intestinal tract, and a faster establishment of the parasite. 39
Parasite intensity of infection was negativ ly correlated with growth parameters and haematocrit in 40
both groups, and with complement, lysozyme and hepatic total glutathione in 66VO fish.41
42
Key words: Myxozoa; Enteromyxum; parasites; immune response; Sparus aurata; anorexia; 43
vegetable oils44
45
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1. Introduction45
46
Parasites are a major constraint on animal production through the world, and recent cases of 47
massive losses in salmon culture due to sea lice are an outstanding example (Costello, 2009). 48
Economic losses are due not only to mortality but also to poor growth performance, low 49
reproduction efficacy, emaciation or other external signs that turn fish into unmarketable products 50
(Sitjà-Bobadilla, 2004, 2009; Guo and Woo, 2009). Gilthead sea bream (Sparus aurata) is the main 51
cultured fish species in the Mediterranean area, with a production of more than 150,000 tonnes in 52
2008 (APROMAR, 2009). Diseases and feed costs are the main limitations for enhancing the 53
productivity. Enteromyxum leei is a widely spread myxosporean responsible for one of the most 54
threatening parasitic diseases in Mediterranean fish cultures (Palenzuela, 2006). This parasite 55
invades the intestine of gilthead sea bream producing a slow-progressing disease, which induces 56
anorexia, cachexia and eventually the death of fish. Its impact is further enhanced due to its direct 57
fish-to-fish transmission either by cohabitation with infected fish, by contact with contaminated 58
effluent and per os (reviewed in Sitjà Bobadilla et al., 2007). Thus far, there are neither preventive 59
nor curative treatments for enteromyxosis. Therefore, there is an urgent need in advancing our60
knowledge of the parasite itself and the host-parasite interaction.61
Substitution of fish meal (FM) and fish oil (FO) by optimised levels of vegetable ingredients 62
stands as one of the current strategies for reducing the cost of fish feeds and the dependency on 63
fisheries to produce aquafeeds (Tacon and Metian, 2008). While using such alternative ingredients, 64
not only the possible effects on growth performance, but also animal health and welfare should be 65
analysed in an integrative manner. In this context, studies on the effect of FO substitution by 66
vegetable oils (VO) on fish health and the possible nutritional modulation of resistance to infectious 67
diseases are of major importance. In previous works in gilthead sea bream, it has been demonstrated 68
that FO can be replaced in plant-protein based diets up to 66% without detrimental effects on 69
growth, redox balance, immunocompetence or on the intestinal and hepatic architecture (Benedito-70
Page 4 of 32
Ac
ce
pte
d M
an
us
cri
pt
4
Palos et al., 2007, 2008, 2009; Saera-Vila et al., 2009). Thus, a further step was to test whether plant 71
proteins and VO optimised diets could alter the disease outcome when confronted with a pathogen. 72
For this purpose, chronic exposure to E. leei by contact with parasite-containing water was chosen 73
to mimic the natural infections. The present work aimed to determine the effects of dietary fat 74
sources on infection levels, growth performance, host immune response and protection against 75
oxidative stress. 76
77
2. Material and methods78
79
2.1. Experimental design and sampling procedure80
81
Naïve gilthead sea bream were obtained from a commercial fish farm and checked for the 82
absence of the parasite (see below). Fish were divided into two experimental groups, which were 83
fed two different diets (supplementary Table S1). After 9 months of feeding with the corresponding84
two diets, 60 fish from each diet were individually tagged with passive integrated transponders 85
(PIT-tags) (Trovan, Spain), transferred to the Pathology unit of the Instituto de Acuicultura de Torre 86
de la Sal (IATS) and acclimated for 2 weeks before the parasite challenge. Each diet group was 87
divided again into two groups, control (C, n = 30) and recipient (R, n = 30) in 500-L fibre-glass 88
tanks. The average initial weight before the challenge was 223.7 g. The two R-tanks (one for each 89
dietary treatment) were exposed to E. leei-contaminated effluent as previously described (Sitjà-90
Bobadilla et al., 2007). Briefly, R tanks were set to receive exclusively the effluent water from 91
another tank containing 30 infected fish (donors; average weight = 240.2 g; prevalence of infection 92
= 100 %; fed a standard commercial diet). Control fish were kept under the same conditions, but 93
without receiving E. leei-contaminated water. 94
Day length followed natural changes at IATS latitude (40º5’N, 0º10’E) and water 95
temperature was kept always above 18 ºC (average = 21.3 ºC, range =18-26 ºC, Sea water (37.5 ‰ 96
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salinity) was pumped from ashore (open system), 5 µm-filtered and UV irradiated. Each diet group 97
was fed ad libitum with the same experimental diet it was receiving before the challenge, and daily 98
food intake in each tank was registered. Disease signs and daily mortality were recorded.99
The progression of the infection and the evaluation of growth performance were monitored 100
by sampling both C and R groups at 32, 53 and 88 days post exposure (p.e.). At each sampling, all 101
fish were sized and weighed and non-lethally (NL) sampled for parasite diagnosis with a PCR test102
(see below). An additional last sampling was performed at 102 days p.e. Then, all R remaining fish 103
and 15 fish from each C group were killed by over-exposure to benzocaine (3-aminobenzoic acid 104
ethyl ester, 100 mg l-1, Sigma, St. Louis, MO, USA) and blood and tissue samples were taken for 105
histological, immunological, and anti-oxidant analyses. Length and body weight, liver and spleen 106
weights were measured and the condition factor (CF = [weight (g) x length (cm)-3] x 100), and the 107
hepatosomatic (HSI) and splenosomatic (SSI) indexes were calculated as the ratio between the 108
organ weight and body weight. Specific growth rates (SGR) of all fish were calculated for the 109
period ranging from one week previous to the challenge up to the end of the experiment (109 days) 110
as follows: SGR (%) = 100 x (ln Wt – ln W0)/t, where W0 represents weight at the beginning of the 111
period, Wt the weight at the end of the trial and t the number of growth days. 112
One heparinised blood aliquot was immediately used to measure the respiratory burst 113
activity and another aliquot was drawn into heparinised capillary tubes, centrifuged at 1,500 g for 114
30 min, and the haematocrit measured. The remaining non-heparinised blood was allowed to clot 115
overnight at 4 ºC, centrifuged at 3,000 g for 20 min at 4 °C, and serum aliquots were stored at -80 116
°C until used in immunological, anti-oxidant and glutathione assays. 117
One replicate tank per group was established to minimize the number of experimental fish (a 118
mandatory requirement of the ethical committee) and to guarantee an infective effluent to the R 119
tanks compatible with a good water quality. According to our previous experience, no tank effect 120
has been found when two tanks are infected from the same D tank under these experimental 121
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conditions (Sitjà-Bobadilla et al., 2007, 2008). As all fish were individually monitored along the 122
entire experimental period, each fish was considered the experimental unit (Fisher, 2000).123
124
2.2. Parasite diagnosis125
126
Parasite diagnosis was performed by histology (at 102 days p.e.) or by NL-PCR (at 32, 55 127
and 88 days p.e.). For histological examination, pieces of anterior, medium and posterior intestine 128
were fixed in 10 % buffered formalin, embedded in paraffin, 3 µm-sectioned and stained with 129
haematoxylin and eosin. NL samples were obtained by probing the rectum with a cotton swab and 130
PCR diagnosis was carried out as described in Palenzuela and Bartholomew (2002) with primers 131
specific for E. leei rDNA. This procedure has been validated against a gold standard (histological 132
observation of the whole digestive tract), resulting in a high sensitivity (0.96) and specificity (1) (O. 133
Palenzuela, unpublished data). NL-PCR was also applied to evaluate the parasitic status of donors, 134
and R fish upon arrival to the experimental facilities. The prevalence of infection at each sampling 135
point was calculated considering positive fish etected by either PCR or histology. The intensity of 136
infection was semiquantitatively evaluated in one histological cross section of each of the three 137
intestinal portions (anterior, medium and posterior)  and scored 1+ to 6+ according to the number of 138
parasitic stages per microscope field at x120 with the range: 1+ = 1-5; 2+ = 6-10; 3+ = 11-25; 4+ = 139
26-50; 5+ = 51-100; 6+ > 100. For each intestinal portion, the mean intensity of infection was 140
calculated. For each parasitized fish, the mean intensity of infection was calculated as an average of 141
the intensity of infection in the parasitized portions.142
Fish tagging and NL-diagnosis by PCR allowed individualized monitoring of the infection 143
along the experimental period. Thus, for each R fish euthanized at 102 days p.e., the time at which 144
the parasite was first detected was known. Therefore, each R fish was classified as being first-145
infected at one of the four sampling times, and four timing-classes were established: late (102 days), 146
medium (88 days), early (53 days), and very early (32 days).147
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2.3. Immunological assays149
150
Induction of the respiratory burst (RB) activity in blood leucocytes was measured directly 151
from heparinised blood, as previously described (Saera-Vila et al., 2009). Briefly, blood was 152
incubated with a luminol suspension containing PMA for 1 hour and the resulting integral 153
chemiluminescence in relative light units (RLU) was calculated.154
Total serum peroxidases (PO) were chosen as a measure of the serum oxidizing capacity.155
Serum lysozyme (LY) was measured by a turbimetric assay. The lytic capacity of the serum by the 156
alternative complement pathway (ACP) was determined using sheep red blood cells (SRBC) as 157
targets, and the dilution corresponding to 50 % haemolysis/ml was expressed as ACH50. All these 158
assays were performed following the procedure described in Sitjà-Bobadilla et al. (2005), but using 159
2.85 x 108 SRBC ml-1 in ACP.160
Total nitric oxide (NO) production in serum samples was determined as the sum of nitrite 161
(NO2) and nitrate (NO3), using a fluorimetric assay kit, which detects up to 10 nM naphthotriazole 162
(Cayman Chemical, Ann Arbor, MI, USA). Briefly, 10 µl duplicated serum samples, previously 163
centrifuged in Microcon-10 filter devices (cut-off value = 10KDa) (Millipore Corp., Madrid, Spain) 164
at 12,000 g for 10 min at 4 ºC, were incubated with enzyme cofactors and nitrate reductase for 2 h. 165
2, 3-diaminonaphthalene (DAN) and NaOH were sequentially added and the resulting fluorescent 166
product (naphthotriazole) was measured using an excitation wave length of 360 nm and an emission 167
wave length of 465 nm in a microplate reader. 168
169
2.4. Anti-oxidant and glutathione assays170
171
The total antioxidant status (TAS) was measured in serum samples with a commercial kit 172
(Cayman Chemical). Oxidized (GSSG) and total (tGSx) levels of glutathione in frozen liver and 173
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intestine samples were determined enzymatically with a commercial kit (Cayman Chemical). The 174
GSH/GSSG ratio, was calculated as the quotient of reduced GSH equivalent, as a measure of 175
cellular toxicity. Both assays were performed as previously described (Saera-Vila et al., 2009).176
177
2.5. Statistical analysis178
179
The influence of the diet on the presence of E. leei was statistically analyzed using a Chi-square 180
test of independence with Yates correction for continuity, considering all the fish sampled at 102 days 181
p.e. For all the data, differences between the four experimental groups at any sampling point were 182
analyzed by one-way analysis of variance (ANOVA) followed by Student-Newman-Keuls test. When 183
the tests of normality or equal variance failed, a Kruskal-Wallis one-way ANOVA on Ranks followed 184
by Dunn’s method was applied instead.  The same test was applied to determine possible differences in 185
the mean intensity of infection between time-classes at 102 days. p.e.  A Student-t test was used to 186
analyze the differences between both R groups within each time-class, and within each intestinal 187
portion. 188
The strength of the possible association of all the studied variables in individual fish was 189
measured with a Spearman rank order correlation test, since the normality test failed for some of them. 190
Thus, all the data of fish from the same diet obtained at 102 days p.e. were pooled and the Spearman 191
correlation coefficients between all the variables (except those conceptually correlated) were 192
calculated. In addition, for some infection parameters and the timing of the infection, a linear 193
regression test was performed to further analyse the relationship between them.194
All the statistical analyses were performed using Sigma Stat software (SPSS Inc., Chicago, IL, 195
USA) and in all cases the significance level was set at P < 0.05.196
197
198
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3. Results198
199
3.1. Progression of the infection200
Fig. 1A shows the prevalence of infection during the exposure to the parasite. Although the 201
final infection levels were high in both R-groups, the progression of the infection was higher and 202
faster in 66VO-R fish than in FO-R ones. In fact, the relationship between time and prevalence of 203
infection had a pattern of exponential rise to a maximum (r2 = 0.9169, P = 0.0424) in the 66VO204
group, whereas it remained linear in the FO group (r2 = 0.953, P = 0.0238). This differential205
progression was clearly outlined by the statistically significant relationship between the dietary 206
treatment and the cumulative prevalence of infection, as analyzed with a Chi-square test of 207
independence (P = 0.032). No C fish was found to be parasitized at any sampling point. Mortality 208
along the experimental period was similar in both R-groups, 4 fish died in 66VO vs 5 in FO.209
Fig. 1B shows the mean intensity of infection of infected fish when euthanized (102 days 210
p.e.), considering the four different time-classes related to the first detection of the infection. No 211
fish was detected as newly infected at the last sampling in the 66VO group. In general, the mean 212
intensity of infection was higher in fish of the 66VO-R group than in FO-R fish, but there were no 213
statistically significant differences between them at any time. In both R-groups, it was evident that 214
the earlier the infection was established, the higher the intensity was at the final sampling. 215
Furthermore, a strong positive correlation was found between the intensity of the infection and the 216
number of days of establishment of the infection, in FO-R (rS = 0.944, P = 0.0000007) and 66VO-R 217
(rS = 0.783, P = 0.0000007) 218
At the last sampling point, all the infected fish, regardless of the group, had the parasite 219
established at the posterior intestine. However, the percentage of parasitized fish harbouring the 220
myxosporean also at the anterior and medium sections was clearly higher in 66VO group (Fig. 1C), 221
being always the medium intestine the less frequently affected part. 222
223
Page 10 of 32
Ac
ce
pte
d M
an
us
cri
pt
10
3.2. Biometrical data 224
No differences in growth performance were detected between control (C) groups fed the two 225
different diets (Fig. 2A). As expected, both groups exposed to the parasite (R) exhibited the 226
physiological effects of the disease, but they were more acute in 66VO-R fish. Growth performance 227
was reduced in both R groups, with a significant lower weight at 88 and 102 days p.e. vs their 228
corresponding C groups, and even between 66VO-R and FO-R fish at the last sampling (Fig. 2A). 229
Similarly, body weight gain in the whole experimental period was markedly lower in both R 230
groups, and again the percentage of reduction respect to the C group with the same diet was higher 231
in fish fed 66VO than in those fed FO (54.2 % vs 29.4 %) (Table 1). At 102 days p.e., both R-232
groups also had significantly lower length and CF than their corresponding C groups (Table 1). 233
When analysing in detail the decrease in SGR in R groups, all the 66VO-R infected fish, regardless 234
of the time in which they acquired the infection, had significantly lower SGR values than 66VO-C235
fish. By contrast, only those FO-R fish with early acquisition of the infection had significantly 236
lower values than their respective C group. SGR was lower in all 66VO-R time classes fish than in 237
FO-R, though the difference was statistically significant only in the medium time-class (Fig. 2B). 238
The lower increase of body weight of R fish was due in part to a reduced feed intake in R animals,239
which was 15 % and 22 % less than the corresponding C groups in FO and 66VO, respectively 240
(Table1). Anorexia thus explained about 52 % of body weight losses in FO-R animals, but only 41241
% in 66VO-R group. Anorexia was first detected between 32 and 53 days, increased progressively 242
and was most evident in the last weeks of the experimental period (between 88 and 102 days) when243
feed intake was 30 % and 45 % lower in FO-R and 66VO-R than in the corresponding C groups, 244
respectively. Haematocrit values were significantly lower in 66VO-R animals (Table 1). No 245
significant differences were found in the SSI and HSS indexes between any groups (Table 1). 246
247
248
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3.3. Immune factors (Table 1)248
Both R groups, regardless of the diet, exhibited a significantly higher respiratory burst in249
circulating leucocytes than their corresponding C groups at 102 days p.e. Although the values 250
obtained for 66VO-R fish were higher than those of FO-R animals, differences were not significant.251
Total serum peroxidases (PO), serum lysozyme (LY) and serum NO were lower in both R groups, 252
but the decrease was only statistically significant for PO in 66VO-R and for LY and NO in FO-R. 253
Both 66VO groups (R and C) had significantly lower values of LY and NO than those of FO-C 254
group. The lytic capacity of the serum by the alternative complement pathway (ACH50) was 255
significantly higher in 66VO-C fish than in the remaining groups, and no differences were observed 256
between both R groups.257
258
3.4. Glutathione and antioxidant defence system (Table 1)259
260
Fish from the 66VO-C group exhibited a significantly higher total antioxidant status (TAS) 261
than the remaining groups and no differences were found between both R groups. Concerning the 262
gluthathione values, no significant differ nces were found in the intestinal values, whereas the 263
hepatic synthesis of glutathione (tGSx) and the hepatic GSH/GSSH ratio were significantly 264
decreased in 66VO-R fish with respect to FO-R and also respect to 66VO-C for the hepatic ratio.265
266
3.5. Meta-analysis: correlation between all data and the disease course267
268
Spearman’s correlation coefficients between all the biometrical, immunological, antioxidant 269
and gluthathione factors for FO and 66VO groups are shown in supplementary Tables S2 and S3,270
respectively. The information derived from S2 and S3 is diagrammatically presented in Fig. 3, 271
showing the main correlations found between E. leei-intensity of infection and the remaining 272
measured factors. There was a strong negative correlation with biometrical parameters (length, 273
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weight, SGR, CF) in both diet groups (Fig. 3, red boxes), also with Hc, HSI and some 274
immunological (ACH50,) and glutathione (hepatic GSH/GSSG ratio, liver tGSx) factors only in the 275
66VO group, and with LY and NO only in the FO group (Fig. 3, red boxes). In addition, a positive 276
correlation was found between the parasite and RB in 66VO fish (Fig. 3, green box). Similarly, a 277
negative correlation was also found between the number of days of establishment of the infection 278
and most biometrical values in both groups, and also with HSI, ACH50, Hc, and hepatic glutathione 279
(GSH/GSSG ratio, tGSx) factors in the 66VO group, and with SSI, PO and NO in the FO group280
(supplementary Tables S2, S3).281
Hc was positively correlated with ACH50, weight, length, CF and SGR in 66VO fish, and 282
with PO, SGR, HSI and intestinal GSSG in FO fish. By contrast, Hc was negatively correlated with 283
RB in 66VO. In both groups, PO correlated positively with HSI, and RB negatively with SGR.284
Other correlations were found only in 66VO animals: positive between ACH50 and several 285
biometrical values (weight, length and SGR), and negative between RB and HSI, and between RB 286
and ACH50 and PO.287
From the statistical analysis we can conclude that in 66VO fish, the earlier the infection was 288
established, the higher the intensity of inf ction was achieved and consequently the lower weight, 289
length, CF, SGR, Hc, LY, ACH50 and hepatic glutathione ratio were exhibited.290
291
4. Discussion292
293
The present study has shown that feeding fish with a VO diet may increase the disease 294
effects of enteromyxosis in gilthead sea bream. Although the final prevalence and intensity of 295
infection were high in both dietary experimental groups and similar to other effluent-transmission296
studies (Sitjà-Bobadilla et al., 2007), the progression of the infection and the severity of the disease 297
signs were higher in R fish fed the 66VO diet than in those fed the FO diet. Thus, the effect on 298
weight, length, CF, SGR and Hc, which are the consequences of the emaciative disease provoked 299
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by the parasite, were more pronounced in 66VO-R fish. In other fish-Enteromyxum systems in 300
which the myxosporeans exhibit a higher pathogenicity, a significant reduction in weight and Hc 301
was detected earlier (Sitjà-Bobadilla et al., 2006; Alvarez-Pellitero et al., 2008). By contrast, in 302
other gilthead sea bream also exposed to E. leei by effluent transmission, but fed a standard 303
commercial diet and reared under lower water temperature, no significant differences in weight 304
were detected between C and R, probably due to the lower growth rates and the lower achieved 305
infection levels (Sitjà-Bobadilla et al., 2008)306
The 66VO-C fish did not exhibit any detrimental effect of the diet on their biometric and 307
haematological values. Therefore, as already demonstrated in previous growth studies (Benedito-308
Palos et al., 2007, 2008, 2009), the nutritional background by itself did not produce any detrimental 309
effect on the fish body mass, and it was not responsible alone for the severe disease, but a 310
predisposing factor.  Besides, for the first time in a fish-myxosporean model, we find evidence that 311
the body mass loss of R fish is mainly due to a decrease of voluntary feed intake (anorexia). 312
Parasite-induced anorexia is a prominent feature of several host-parasite systems in vertebrates, but 313
the causes and mechanisms of anorexia remain unresolved (Kyriazakis et al., 1998; Colditz, 2008). 314
In fish, anorexia has been scarcely documented with accuracy under cases of parasitic infections 315
(Thomas and Woo, 1992; Dezfuli et al., 2003). Reduced nutrient availability due to decreased feed 316
intake is the major contributor to reduced growth rates in parasitized animals (see Colditz, 2008). 317
However, the decrease in weight gain in R fish was higher than what could be explained by feed 318
intake decrease. Therefore, other factors such as parasite-derived intestinal damage could contribute 319
to the impairment of intestinal absorption and therefore nutrient availability. Indeed, intestinal 320
damage was higher in 66VO-R fish, as more intestinal portions were affected and with a higher 321
intensity of infection, and the typical enteritis syndrome was observed in fish with high intensity of 322
infection (data not shown). It has previously been shown that the massive invasion of the intestinal 323
epithelium by E. leei stages produces enteritis with atrophy and blunting of villi which can lead324
with the detachment of the epithelium from the underlying lamina propria (Fleurance et al., 2008).325
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In addition, the intensity of the lesions produced by E. scopththalmi in the intestine of turbot was 326
correlated with the progression of the infection (both prevalence and intensity) and the development327
of the parasite (Bermúdez et al., 2006, 2010). Finally, body weight loss could also be due to an328
osmoregulatory failure, as suggested by the pathophysiological evidences in E. leei-infected 329
Takifugu rubripes (Ishimatsu et al., 2007). Therefore, we are clearly in front of a case of cachexia, 330
in which weight is lost much more rapidly than would be expected from a decrease in feed intake of 331
the same magnitude (Emery, 1999). 332
The host’s immune response has a metabolic cost (Ots et al., 2001) and could also have 333
adverse effects on growth and feed intake. In fact, the immune response is responsible for the 334
production of several cachectic cytokines (TNF-α, IL-1 and IL-6) that induce cachexia (Cerami and335
Beutler, 1988; Argilés et al., 2006). In E. leei-infected gilthead sea bream, transcripts of IL-1β and 336
TNF-α were significantly decreased in the intestine at 113 days p.e. (Sitjà-Bobadilla et al., 2008), 337
whereas IL-1β expression was increased in head kidney shortly after exposure (10 days) (Cuesta et 338
al., 2006). Thus, other anorexigenic factors, such as gastrointestinal peptides (Mendieta-Zerón et al.,339
2008) or growth factors (Carroll 2008) could be involved. In fact, the number of enteroendocrine340
cells positive for neuromodulators related with feed intake and digestion, such as neuropeptide Y 341
and substance-P were lower in the intestine of R fish than in C gilthead sea bream (Estensoro et al.,342
2009).343
The main difference between the two diets tested in the current study is the fatty acid (FA) 344
profile, since 66VO diet has lower levels of n-3 long-chain polyunsaturated fatty acids (LC-345
PUFAs), though it meets the theoretical requirements of essential FAs. The complex relationship 346
between nutrition, immune status and parasitic infection is well recognized (Fekete and Kellems, 347
2007), and dietary FAs are capable of modulating the immune system in mammals (De Pablo and348
De Cienfuegos, 2000) and n-3 LC-PUFAs present in FO in particular have well recognized anti-349
inflammatory properties (Calder, 2007). However, in fish, changing the dietary n-3 LC-PUFA 350
levels can have both beneficial and, in some instances, detrimental effects on disease resistance and 351
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immune status. Thus, the intake of high levels of dietary n-3 LC-PUFAs suppressed some immune 352
functions and reduced survival after pathogen challenge (Erdal et al., 1991; Fracalossi and Lovell,353
1994; Kiron et al., 1995; Misra et al., 2006). Conversely, in our study, the disease course was 354
worsened in fish fed the 66VO diet (with lower n-3 LC-PUFAs), as it occurred in other studies in 355
which significantly higher mortality rates were found in fish fed diets with different types of VOs356
(with lower n-3/n-6 PUFAs ratio, or lower n-3 LC PUFAs) compared to those fed FO when 357
subsequently challenged with bacteria (Thompson et al., 1996; Bransden et al., 2003) or the ciliate 358
parasite Ichthyophthirius multifilis (Vargas et al., 2008).359
The involvement of innate mechanisms in the fish immune response to parasitic infections 360
has been documented in several host-parasite models (see Alvarez-Pellitero, 2008). In the current 361
model, ACH50 was the only enhanced innate factor in 66VO-C, which is in accordance with the 362
increased ACH50 reported in grouper (Epinephelus malabaricus) fed a diet partially replaced with 363
corn oil (Lin and Shiau, 2007). In gilthead sea bream, a similar 66VO diet fed during 6 months also 364
produced a slight increase in ACH50 (Saera-Vila et al., 2009), but another diet with totally replaced 365
FO by a single VO invoked a decrease in ACH50 (Montero et al., 2003). By contrast, ACH50 was 366
not affected by feeding with different single or mixed VOs in other fish species (Kiron et al., 2004).367
On the other hand, the worse disease outcome in fish fed the 66VO diet could be due to the 368
significantly lower values of serum nitric oxide (NO) and lysozyme (LY). NO is an important 369
molecule in regulating immune functions and has a direct antimicrobial effect. As in FO-R fish, 370
nitrite production of head kidney leucocytes of sharpsnout sea bream (Diplodus puntazzo) infected371
with a myxosporean Myxobolus species was hampered (Karagouni et al., 2005). LY is a main372
defence molecule of fish innate immune system (Saurabh and Sahoo, 2008) and interestingly, in 373
sharpsnout sea bream, a species highly susceptible to E. leei in which the infection progresses 374
rapidly, LY was undetectable in either infected or healthy fish (Golomazou et al., 2006; Alvarez-375
Pellitero et al., 2008). By contrast, serum LY appears to be unaffected in most studies with fish fed 376
diets rich in VOs (Bell et al., 1996; Montero et al., 2003; Kiron et al., 2004; Mourente et al., 2005). 377
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These apparent contradictory effects on immune factors are probably due to different experimental 378
conditions (fish meal inclusion, type of vegetable oil, PUFAs ratios, feeding time, etc.), type of 379
immunocytes involved and species model. In most fish trials, the basal diet is replaced either by fish 380
meal or FO, whereas a significant difference of the current trial is that high levels of substitution of 381
fish meal by plant proteins was also achieved.382
There are other hypothetical reasons for the worse disease signs in 66VO-R, related to the 383
direct effect on the intestinal tract and mucosal immunity. Some dietary VOs and saturated FAs384
produce cellular damages in fish enterocytes due to the accumulation of lipid droplets (Olsen et al.,385
2000), but this damage was observed only with total FO replacement (Benedito-Palos et al., 2008). 386
Other possible changes in the cellular architecture and composition of the digestive tract might 387
favour parasite entrance and proliferation in the intestinal epithelium, through changes at the host-388
parasite interface (Yoshino et al., 2001), alterations of the gut barrier or the mucosal immunity 389
(Kasper and Buzoni-Gatel, 2001), or alterations of the biochemical makeup of the cell membrane 390
lipid rafts/caveolae microdomains (Chapkin et al., 2008). In fact, the effect of PLs, FAs and 391
soybean meal on tight-junction permeability and therefore in bacterial translocation (Sawai et al.,392
2001), on fish intestinal mucus and bacterial adhesion (Bakke-McKellep et al., 2007; Schroers et 393
al., 2008) have been reported. Thus, further studies are needed to determine the effect of vegetable 394
diets in the distribution and composition of enzymes, other molecules of interest and leucocyte 395
populations in the intestinal tract.396
Normal metabolism and immune and detoxification systems generate reactive oxygen and 397
nitrogen species that if not counterbalanced, lead to oxidative stress, host tissue damage and ageing. 398
Oxidative stress is intimately linked to parasite resistance and fitness (Kurtz et al., 2006) and the 399
removal of these free radicals is achieved through non-enzymatic and enzymatic reactions. The 400
primary enzymatic antioxidant defence system is the glutathione redox system that reduces 401
hydrogen peroxide and lipid hydroperoxides at the expense of oxidizing GSH to its disulfide form 402
(GSSG). The antioxidant and anti-inflammatory effects of n-3 LC-PUFAs have been extensively 403
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documented (Fang et al., 2002). Nevertheless, in the current study, 66VO-C fish not only had no 404
oxidative/antioxidative imbalance, but also exhibited higher circulating antioxidant defences (TAS) 405
than FO-C fish. This could be due, at least in part, to the presence of some substances, such as 406
flavonoids, in VOs (Beecher 2003). Flavonoids are potent scavengers of free radicals such as 407
hydroxyl and superoxide radicals, and also act as chelators of transient elements, having therefore 408
biological effects against inflammatory and allergic disorders (Kim et al., 2004). Their presence in 409
VOs could also explain the lower serum NO values than in FO fish, as they are also known to 410
inhibit the production of NO (Pergola et al., 2006). 411
Parasite challenge increased reactive oxygen species derived for the immune response in 412
both R fish, due to increased RB, as previously reported in different Enteromyxum-infected fish 413
(Sitjà-Bobadilla et al., 2006; Alvarez-Pellitero et al., 2008; Sitjà-Bobadilla et al., 2008). However, 414
TAS was significantly decreased only in 66VO-R animals with respect to 66VO-C group, as 415
occurred in other host-parasite systems (Lightbody et al., 2001). This lower TAS of 66VO-R fish 416
could endanger their health, since their hepatic GSH/GSSG ratio was also decreased, showing a 417
higher risk of lipid peroxidation and oxidative damage. Similarly, in other intestinal inflammatory 418
diseases induced by parasites, there is an imbalance in the oxidant/antioxidant defence mechanisms, 419
which can increase the susceptibility of the intestine to inflammation (Sundaram et al., 2003).420
In conclusion, this study has shown that 66VO replacement in gilthead sea bream diet is a 421
predisposing cause that worsens the disease course when fish are experimentally exposed to E. leei, 422
the precipitating cause. These results should be confirmed with other fish-pathogen models, as the 423
effects of the diet may be beneficial or not, depending on the virulence factors of the pathogen and 424
the site of infection. Further studies are underway to study the invasion strategy of this parasite and 425
to determine which immune factors are key for controlling this disease.426
427
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Legends to figures636
637
Fig. 1. Infection levels of gilthead sea bream fed two different diets (66VO and FO) and exposed to 638
Enteromyxum leei for 102 days. (A) Prevalence of infection at the different times post-639
exposure (p.e.). (B) Mean intensity of infection at day 102 p.e. in the different time-classes of 640
fish according to the initial acquisition of the infection. There was a linear relationship 641
between the two variables in the FO group (r2 = 0.953, P = 0.0238) and an exponential 642
progression in the 66VO group (r2 = 0.9169, P = 0.0424). (C) Percentage of infected fish 643
harbouring the parasite in each intestinal portion at day 102 p.e.644
Fig. 2. Biometrical data of gilthead sea bream fed two different diets (66VO and FO) and not 645
exposed (C) or exposed (R) to Enteromyxum leei for 102 days. (A) Progression of body 646
weight along the experimental period. Different letters stand for statistically significant 647
differences among the groups at each sampling time (P < 0.05). (B) Specific growth rate 648
(SGR) at the end of the experimental period of C and R fish classified in the different time-649
classes according to the initial acquisition of the infection. Note that some R fish were never 650
infected. Different capital letters stand for statistically significant differences among 66VO 651
fish, and low case letters for FO fish. * indicates significant differences between 66VO and 652
FO groups within a time-class. (P < 0.05).653
Fig. 3. Diagrammatic representation of the main correlations found between the intensity of 654
infection by Enteromyxum leei at the posterior intestine and the different biometrical, 655
immunological and antioxidant factors (see the text for abbreviations) in the two gilthead sea 656
bream diet groups (66VO and FO). Red and green boxes stand for negative and positive 657
correlations, respectively, and empty boxes for no correlation (P < 0.05). The corresponding 658
Spearman’s correlation coefficients can be found in Tables S2 and S3 of supplementary 659
electronic material.660
661
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SUPPLEMMENTARY ELECTRONIC MATERIAL661
662
Table S1. Ingredients and chemical composition of experimental diets.663
Table S2. Spearman correlation coefficients resulting from the meta-analysis of all the measured 664
variables in FO fish. Those coefficients of variables conceptually related have been omitted. 665
The pair of variables with positive correlation coefficients (in green) tends to increase 666
together, whereas negative correlation coefficients (in red) indicate that one variable tends to667
decrease while the other increases. To facilitate visualization significant P values (< 0.05)668
have been highlighted in yellow. E. leei = intensity of infection at the posterior intestine; days669
= number of days of establishment of the infection; H = hepatic; Int = intestinal. For the 670
remaining abbreviations see the text.671
Table S3. Spearman correlation coefficients resulting from the meta-analysis of all the measured 672
variables in 66VO fish. Those coefficients of variables conceptually related have been 673
omitted. The pair of variables with positive correlation coefficients (in green) tends to 674
increase together, whereas negative correlation coefficients (in red) indicate that one variable 675
tends to decrease while the other increases. To facilitate visualization significant P values (< 676
0.05) have been highlighted in yellow. E. leei = intensity of infection at the posterior intestine;677
days = number of days of establishment of the infection; H = hepatic; Int = intestinal. For the 678
remaining abbreviations see the text.679
680
Page 29 of 32
Ac
ce
pte
d M
an
us
cri
pt
Table 1. Biometric, antioxidant, redox and immunological values (mean ± SEM) of 
gilthead sea bream fed the two diferent diets (66VO, FO) and exposed for 102 days to 
Enteromyxum leei (R) or not (C). Different superscript letters stand for statistical 
differences between groups for each parameter (P < 0.05). *Total value accumulated 
during the experimental period. See abbreviations in the text. 
 
 66VO-C 66VO-R FO-C FO-R 
Final length (cm) 23.6 ± 0.21
 a
 22.5 ± 0.16
 b
 23.6 ± 0.17
 a
 22.9 ± 0.19
 b
 
Weight gain (g/fish) 134.7 ± 4.03
 a
 61.7 ± 6.76
 c
 127.4 ± 3.48
 a
 89.9 ± 6.8
 b
 
Feed intake (g/fish)* 180.2 140.3 177.1 149.6 
SGR (%) 0.47 ± 0.015
 a
 0.25 ± 0.027
 c
 0.47 ±  0.015
 a
 0.36 ± 0.023
 b
 
CF 2.69 ± 0.048
 a
 2.52 ± 0.035
 b
 2.69 ± 0.048
 a
 2.58 ± 0.028
 b
 
HSI 0.920 ± 0.053 0.846 ± 0.049 0.961 ± 0.032 0.901 ± 0.029 
SSI 0.102 ± 0.129 0.088 ± 0.005 0.119 ± 0.011 0.114 ± 0.012 
Hc (%) 46.33 ± 1.64
a
 33.96 ± 1.79
 c
 41.46 ± 0.97
 ab
 40.58 ± 1.77
 b
 
RB (I. RLU) 9905.0 ±  3345.6
 a
 30333.7 ± 6020.2
 b
 10717.9 ± 1796.4
 a
 20617.2 ± 3633.8
 b
 
PO (OD450 nm) 0.324 ± 0.0669
 ab
 0.208 ±  0.0254
 b
 0.361 ± 0.0337
 a
 0.293 ± 0.0358
 ab
 
LY (units/ml) 242.82 ± 66.48
 b
 220.59 ± 10.40
 ab
 306.82 ± 14.75
 c
 200.56 ± 11.33
 a
 
ACH50 130.36 ±  19.21
 a
 20.55 ± 1.86
 b
 42.08 ± 17.77
 b
 26.48 ± 4.36
 b
 
NO (µM) 4.16 ± 0.87
 a
 3.36 ± 0.38
 a
 8.12 ± 0.31
 b
 3.78 ± 0.89
 a
 
TAS (mM Trolox) 0.467 ± 0.025
 a
 0.370 ±  0.009
 b
 0.384 ± 0.017
 b
 0.370 ± 0.009
 b
 
Liver:      
 
    
      tGSx (nmol/g)     3079.6 ± 178.6
 ab
 2179.2 ± 293.7
 a
 2841.7 ± 178.6
 ab
 3306.4 ± 306.7
 b
 
      GSSG (nmol/g) 137.9 ± 7.6
 
 143.6 ± 9.7
 
 156.0 ± 10.8
 
 135.0 ± 9.4
 
 
      GSH/GSSG 20.5 ± 1.7
 a
 13.6 ± 1.6
 b
 17.4 ± 2.4
 ab
 23.1 ± 2.1
 a
 
Intestine: 
 
    
     tGSx (nmol/g)     1894.9 ±160.6
 
 1874.2 ±103.1
 
 2076.1 ± 101.3
 
 1914.6 ±86.1
 
 
     GSSG (nmol/g) 106.7 ± 18.4
 
 93.6 ± 16.3
 
 95.8 ± 22.6
 
 102.4 ±13.1
 
 
     GSH/GSSG 23.5 ± 5.9
 
 73.1 ± 24.9
 
 39.2 ± 14.2
 
 34.2 ± 10.9
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